In Belgium, at the north-western margin of its geographical range, Silene nutans is a rare species, which has evolved a silicicolous (Si) and a calcicolous (Ca) ecotype, with contrasting morphometric traits. Genetic diversity and population genetic structure were examined for seven allozyme loci in 16 Si and 18 Ca populations (a total of 567 individuals). High genetic variation was found at both the ecotypic and population level, and no significant correlation was found between population size and any measure of genetic variation. The maintenance of high levels of genetic diversity in small, marginal populations might be explained by the perennial, long-lived life form and the outcrossing breeding system of the species. Additionally, low FST-va!ues suggested that efficient gene flow was occurring within both ecotypes. Genetic distance measures and cluster analysis using UPOMA on the distance matrix revealed that the populations were differentiated according to their ecotypic property in two distinct gene pools.
Introduction
Population genetics theory predicts that small, isolated populations will experience higher levels of genetic drift and lower levels of gene flow than large, interconnected populations (Barrett & Kohn 1991; Elistrand & Elam, 1993) . As a consequence, small populations are expected to show lower allelic diversity and heterozygosity within populations and higher genetic differentiation among populations than large populations (Lande, 1988; Hamrick & Godt, 1989) . Genetic erosion has recently been observed in populations of a few endangered plant species, which have become small and isolated owing to habitat destruction and fragmentation by human activities Van Treuren et al., 1991; Raijmann et al., 1994) .
Low levels of genetic variation can also be expected in marginal, disjunct populations of species *Correspondence E-mail: fvrossum@ujb.ac.be with a wide geographical range (Soulé, 1973; Hoffmann & Blows, 1994) , as populations often become smaller, less frequent and sparsely distributed towards distribution limits (Wilson et a!., 1991; Hoffmann & Blows, 1994) . Fragmented distributions can also reflect particular ecological requirements of the species, e.g. specific soils and/or climatic conditions (Linhart & Premoli, 1994) , and geographical marginality is often associated with ecologically marginal conditions (Wilson et aL, 1991; Hoffmann & Blows, 1994) . In this context, genetic differentiation among marginal populations can arise either through the effect of drift, because of restricted gene flow and small population size, and/or through local adaptation.
In this paper, we investigate allozymic variation and population genetic structure in 34 marginal and disjunct populations of Silene nutans from Belgium. Silene nutans (Caryophyllaceae) is a diploid (2n = 24), protandrous and predominantly outcrossed, herbaceous, long-lived perennial (Hepper, 1956; De Bilde, 552 1997 The Genetical Society of Great Britain.
1973). It is a steppe species with a widespread Eurosiberian distribution range. In western Europe, at the border of its geographical range, it consists of marginal and disjunct populations (Hegi, 1979) , occurring in xeric habitats (open grasslands and forest edges on rock outcrops), with a wide ecological range of substrates, and growing on both calcareous and siliceous bedrocks (pH range 3.8-8.0) (De Bilde, 1978; F. Van Rossum, unpublished data) . In Belgium, it is a rare species (Stieperaere & Fransen, This species, therefore, provides an interesting opportunity to study relationships between the pattern of allozyme variation and ecological specialization in marginal populations.
Materials and methods
Populations studied and sampllng procedure
The locations of the 34 populations examined (16 silicicolous, 18 calcicolous) are given in Fig. 1 A total of 567 individual plants (rosette cuttings) were sampled in 1992 and 1993. In small populations, all the individuals or as many plants as possible (some plants were out of reach because they grew on vertical rock faces) were sampled, whereas in larger populations a random sample was collected from the whole population area.
Electrophoreticprocedure
The material used for isozyme electrophoresis was rosette leaves that were stored at -70°C after cutting or after extraction [extraction buffer (3.5 v/w): 0.08 M Tris pH 7.5, 2 per cent (wlv) polyvinylpyrrolidone (MW 40000), 1 per cent (wlv) polyethyleneglycol 6000, 5 mi dithiothreitol, 0.1 per cent (v/v) mercaptoethanol] and centrifugation (13 000 g) for 10 mm. Electrophoresis was carried out on vertical 7.5 per cent polyacrylamide gels with a Trisglycine, pH 8,3, buffer system. Staining recipes are available on request. Five enzyme systems revealed a clear pattern for genetic analyses: alcohol dehydrogenase (ADH, EC 1.1.1.1), glutamic-oxaloacetic transaminase (loci GOT-i and -2, EC 2.6.1.1), phosphoglucomutase (PGM, EC 5.4.2.2), leucine aminopeptidase (LAP, EC 3.4.11.1), esterase (loci EST-i and -2, EC 3.1.1.-). As S. nutans is a diploid species, Mendelian genetic interpretation of phenotypes was possible; Mendelian inheritance was confirmed in progeny assays (F. Van Rossum, unpublished data).
Data analysis
All analyses of genetic data were performed using GEN-SURVEY, a program in C language written by one of us (X. Vekemans and available on request), except when otherwise specified. The following measures of genetic variation were calculated for each population: the mean number of alleles per locus (A), the proportion of polymorphic loci at the 5 per cent level (P), the observed heterozygosity (H0), the expected heterozygosity (He) corrected for small sample size (Nei, 1978) , and Wright's inbreeding coefficient (F1) corrected for small sample size (Kirby, 1975) . Correlation analysis was used to examine the relationships between population size (1og10-transformed data) and the different measures of genetic variation.
Genetic distances based on the coancestry coefficient, 0, corrected for small sample size (Reynolds et al., 1983) were calculated as -ln(1 -0) for each pair of populations. A distance based on the coancestry coefficient was preferred over Nei's distance, because overall differentiation was low and assumed to have occurred through drift only (Weir, 1990) . Cluster analysis using the unweighted pair groups means method (UPGMA) was performed on distance data using NTSYS-PC (version 1.8). Average distances were computed separately for pairwise comparisons within each ecotype and for comparisons between ecotypes. The statistical significance of the difference between the average distances within ecotypes was investigated using the following numerical resampling method (Sokal & Rohlf, 1995) : 1000 samples were simulated by randomly assigning populations to each ecotype in order to build the distribution of the statistic under interest, i.e. the difference between average pairwise distances within ecotypes, then the observed difference was tested against two-tailed critical values at 95 per cent and 99 per cent of the distribution. The same method was used to test the significance of the difference between the average distance within against the average distance between ecotypes, in order to test for differentiation between ecotypes. Differences in mean allelic frequencies between the two ecotypes were tested by performing a Student's t-test assuming unequal variance on arcsine-transformed data. The observed value of t was tested against an ad hoc distribution of t obtained through numerical resampling as described above.
Population genetic structure was investigated using Nei's genetic diversity analysis on polymorphic loci using corrections for small sample size according to Nei & Chesser (1983) . Averages and standard errors over loci were calculated together with 95 per cent confidence intervals obtained through bootstrapping over loci. To examine the relationship between population size and population genetic
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The average level of gene flow among populations was investigated using Wright's method (Wright, 1951) , which estimates the average number of immigrants per generation per population, Nm, as 114(1IFsT-1). FST-values were computed according to Weir (1990) .
Results

Loci and alleles scored
The five enzyme systems were encoded by seven putative loci. All enzymes migrated anodally. One locus (GOT-2) was monomorphic in all populations, whereas the other six were polymorphic in at least one population. The locus ADH was monomorphic in all Ca populations, and polymorphic in all Si populations. Twenty-four alleles were detected at the six polymorphic loci: ADH (two alleles), GOT1 (four alleles), PGM (three alleles), LAP (five alleles), EST-1 (four alleles) and EST-2 (six alleles). Four alleles at three loci (ADH, PGM and LAP) were restricted to Si populations and two alleles at two loci (GOT-I and EST-2) to Ca populations.
Genetic distance measures
In order to decide whether populations from siliceous and calcareous bedrocks should be treated separately in the analyses, we first computed pairwise genetic distances among populations and then performed a cluster analysis. The dendrogram revealed that all populations but one were grouped according to their calcareous or siliceous locations (Fig. 2) No significant correlation was found between population size (log-scale) and A, P, H0, He and F, ( for Si and Ca populations. For all loci combined, G51 values were low (<0.210), but different from zero (left-tailed critical value different from zero), indicating low genetic differentiation among populations in both ecotypes. Three groups of populations (small, intermediate and large) were considered in order to analyse the relationships between population size and genetic structure (Table 3) . For the Ca ecotype, the proportion of gene differentiation among populations (GST) decreased from 0.143 in small populations to 0.053 in large populations. However, the comparison Table 2 Pearson's correlation coefficients between population size (N, log transformed) and the measures of genetic variation (A, P, H0, H. and F1) 
Discussion
Overall levels of genetic variation and effect of population size
Silene nutans shows considerable genetic variation when compared with the mean genetic diversity values given in Hamrick & Godt (1989) . The mean values of A, P and He (Table 1) and the values of HT and H5 at the ecotype level (Table 3 ) fall within the range of herbaceous long-lived perennials and of animal-pollinated species. Thus, the results do not support the hypothesis of low genetic diversity HT, total gene diversity; H5, averaged gene diversity within populations; DST, gene diversity among populations; GST, proportion of interpopulation gene differentiation; 95% CI, ninety-five per cent confidence interval; SE, standard error. 1Monomorphic in Ca populations. 1:The only Si population in this group was not considered.
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exhibited by marginally distributed populations (Soulé, 1973; Hoffman & Blows, 1994) . However, our results must be interpreted with caution because of the relatively low number of loci.
Population genetics theory predicts that, as a consequence of genetic drift, inbreeding and restricted gene flow, small populations should show lower levels of genetic variation and higher genetic differentiation among populations than large populations (Barrett & Kohn, 1991; Ellstrand & Elam, 1993) . Genetic erosion in small populations was demonstrated for western European plants, including Salvia pratensis, Scabiosa columbaria and Gentiana pneumonanthe (Raijmann et a!., 1994) . Our data for S. nutans are not in agreement with these findings, as no major effect of population size on the extent and structure of genetic variation was detected. Similar results have been reported in small, disjunct populations of Gypsophila fastigiata (Prentice & White, 1988) and Silene regia (Dolan, 1994) . The maintenance of extensive genetic variation in spite of the scattered distribution and the small size of populations might be ascribed to particular life history traits (Hamrick et a!., 1991) . In S. nutans, a key trait is its long-lived perennial life form: all populations are deemed vigorous, even the smallest. Dispersal is assumed to be mainly by seeds (Hepper, 1956; Hegi, 1979) . Secondly, S. nutans has a primarily outcrossing breeding system, being pollinated by moths (Hepper, 1956) . Moreover, our data provide strong evidence that an efficient gene flow occurs among populations (Nm> 1), thereby counteracting genetic drift. In other rare species, high genetic diversity within populations was also explained by an outcrossing breeding system (Sampson et at., 1989; Dolan 1994; Richter et a!., 1994) , a long-lived perennial life form (Dolan 1994) or substantial gene flow (Sampson et a!., 1989; Richter et at., 1994) . Moreover, there is no indication that small populations of S. nutans have recently experienced a severe reduction owing to habitat destruction by human activities.
Ecotypic differentiation
The most striking result is the finding of a sharp differentiation for allozyme loci between Ca and Si populations, despite the fact that some Si populations are geographically intermixed with Ca populations. As the two ecotypes have evolved genetic adaptations to the mineral composition of their respective soils (Dc Bilde, 1978) , we have evidence for correlated differences in allozymes and ecological traits in S. nutans.
Close associations between multilocus allozyme genotypes and ecological specialization have been commonly reported in selfing grasses and were found to occur at different ecological scales (Clegg & Allard, 1972; Hamrick & Allard, 1972; Nevo et at., 1988 Nevo et at., , 1994 . Moreover, it was shown in Avena barbata that the allozyme differentiation was correlated with differences at a large proportion of the genome (Hamrick & Allard, 1975) . These observations were interpreted as evidence for selection acting on allozyme loci either directly or through genetic hitchhiking (Hamrick, 1989) . However, investigations on allozyme frequency-environment correlations in outcrossing plant species have given contradictory results. Some authors reported significant correlations between habitat type and one or two allozyme loci (Heywood & Levin, 1985 and two references cited therein). Conversely, several studies failed to show allozymic differentiation among ecological races (Westerbergh & Saura, 1992;  populations are monophyletic with respect to each other, then the observed allozymic differences could result from the effect of genetic drift either before or after the colonization of Belgian sites. The allozymic differentiation between ecotypes could then have been maintained, without the effect of selection, because of the strong isolating barriers now existing between Ca and Si populations of S. nutans in Belgium (Van Rossum et al., 1996) . On the other hand, if Ca and Si populations are polyphyletic with respect to each other, then disruptive selection on allozyme loci or linked loci must be invoked to explain the current pattern of differentiation.
Currently, the origin of the two ecotypes is still unknown, so that the relative contributions of historical contingency and disruptive selection in the observed pattern of allozymic differentiation cannot be conclusively disentangled. Finally, the observation of high levels of gene flow within each ecotype, together with reproductive barriers and multifarious differentiation between them, suggests that the two edaphic ecotypes may effectively be different biological species.
